ABSTRACT: Stress due to starvation is not an uncommon phenomenon in fresh-and brackish water fish living in arid environments. This study, a part of a larger investigation on the effects of stress due to starvation on the organ systems of Aphanius dispar, a cyprinodont fish in Oman, reports on the histopathological changes in the liver, using light and transmission electron microscopy. The hepatocytes showed structural and ultrastructural changes in response to 24, 48, 72 and 96 hours of starvation. The hepatocytes of the starved fish groups were characterized by a reduction in the size of their cells and their nuclei, chromatin condensation, loss of stored glycogen, large lipid droplets, wide intercellular spaces and the variable sizes of their mitochondria. Swirls of smooth endoplasmic reticulum (SER) were seen in some of the starved fishes, which may indicate their involvement in lipid metabolism and the breakdown of glycogen. This paper makes a further contribution to the understanding of the physiology of fish in arid zones.
Introduction
ish living in the shallow fresh-and brackish water pools of arid regions have to endure extremely hard environmental conditions. Apart from the physical and chemical conditions of the water, biological factors such as food availability exacerbated by intra-and inter-specific competition, could cause a level of stress requiring physiological adaptations to survive through periods of starvation of varying duration. These pools are potential breeding grounds for mosquitoes and other disease causing insects and their control primarily depends on the presence of their natural predators. Predators that are not capable of adapting to the physical and biological stress will become excluded competitively, and this is undesirable from the perspective of biological control.
Aphanius dispar (Rüppell 1828), a cyprinodont fish, is widely distributed in the fresh and brackish waters of the Middle East. It is an important, native bio-control agent of mosquito larvae [1] . It is a robust species that can adapt to a variety of habitats with differing water temperatures and stream flow, and to salinity ranges from that of freshwater to seawater and to other chemical parameters [2, 3, 1, 4] . Reductions in food availability in A. dispar habitats can be due to a variety of factors including the physical and chemical conditions of the environment as well as the biological conditions such as primary and secondary production, population size and competition for resources [5] .
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Although some hardy fish like A. dispar may physiologically tolerate and adapt to short periods of starvation, detectable histopathological changes in organ systems are likely to occur. During starvation, there is a rapid depletion of energy forcing the animal to use its stored reserves in tissues and cells in order to stay alive [6] .
Vertebrate liver is a storehouse of glycogen and lipids; it is one of the organs that is primarily affected by starvation. Teleost liver cells are sensitive to environmental changes such as those in water temperature, chemical quality and feeding conditions [5] . Histological studies describing the structural and ultrastructural changes of the liver in fish stressed by starvation are few. Of these, several studies have investigated the biochemical changes in liver tissue during starvation [7, 8, 9, 10, 11] . Ba-Omar et al. [12] studied the anatomy and histology of A. dispar, and investigated the ultrastructural changes in the epithelium of the stomach of A. dispar (Cyprinodontidae) due to stress from starvation. Here, we present a study of the liver of A. dispar when impacted by starvation using light and transmission electron microscopy.
Materials and Methods
Adult A. dispar specimens were collected from small fresh-water ponds near Sultan Qaboos University Campus, Al Khod, in the Sultanate of Oman. Fish were acclimatized in an aerated holding tank for two weeks and were fed with commercial Tetramin flakes ad libitum twice daily. An experimental tank with an inner glass visijar was prepared with dechlorinated tap water. After a stabilization period of seven days, 40 fish, measuring from 3.5 -6.5 cm, irrespective of sex, were randomly transferred from the holding tank to the outer area of the experimental tank. The feeding regimen for these fish was the same as that for those in the holding tank. The experiment was conducted after another acclimatization period of seven days.
At the start of the experiment, 32 fish were randomly transferred to the inner visijar and were deprived of food. The six remaining control fish in the outer area of the experimental tank were fed with commercial Tetramin flakes ad libitum twice daily as usual. The water in the inner visijar was replaced with dechlorinated, pre-stabilized water at short intervals to prevent coprophagy. Six starving fish were randomly sacrificed at intervals of 24, 48, 72 and 96 hours for histological studies. At the end of the experiment, the six control fish, fed throughout the experimental duration were also sacrificed for histological investigations.
The fish were placed in an ice bath and were immediately decapitated. Livers were dissected out, cut into small pieces and immediately fixed in Karnovsky fixative buffered with sodium cacodylate to pH of 7.4 for four hours at 4 °C. The tissues were washed twice with sodium cacodylate and then kept in this buffer at 4 °C. The tissues were then postfixed in a 1% aqueous solution of osmium tetroxide for 1 hour, dehydrated in a series of graduated concentrations of alcohol and embedded in Agar 100 resin.
Semi-thin and ultrathin sections were cut using an ultramicrotome using glass knives. The semi-thin sections were stained with 1% toluidine blue and the ultrathin sections were stained with super saturated uranyl acetate and lead citrate, and both were examined using a JEOL JEM-1230 TEM.
Results
A. dispar were able to survive food deprivation for over 96 hrs. However, after this time, some experimental fish became lethargic and others became moribund. Therefore, the experiments were terminated after the maximum set duration of 96 hours.
a. Light Microscopy
Semi-thin sections of the normally fed A. dispar showed the general structure of the liver. The liver is composed of a continuous compact layer of hepatocytes which are arranged in rays of cords surrounding the sinusoids and the central veins. The hepatocytes are polyhedral in shape and have round central nuclei ( Figure 1 ). Some alterations to the liver structure were seen in the groups of fish starved for 24, 48, 72 and 96 hours (Figure 2 ). These alterations were in the form of vacuolation and degeneration of the liver tissue. The vacuolation and degeneration characteristics started to appear at 24 hours and became progressively more pronounced with the increase in the duration of starvation (Figure 2 ). These characteristics represent necrosis of the hepatocytes.
Transmission Electron Microscopy
The hepatocytes of the normally fed A. dispar showed polyhedral cells with centrally located round or ovoid nuclei. Some hepatocytes possessed nucleoli. The rough endoplasmic reticulum (RER) were arranged in parallel stacks of cisternae (Figure 3) . The RER were seen around the nuclei in some cells and in others they were seen within the boundary of the cell membrane (Figure 3) . The shape and size of mitochondria varied; some were elongated and others were rounded with well-developed cristae. The mitochondria were usually seen in association with RER ( Figure 3 ).
In the starved groups, the hepatocytes showed ultrastructural alterations dependent on the duration of starvation. The prominent features in the liver of starved fish (starved for 24, 48,72 and 96 hours) were the condensation of RERs around the nuclei and the increase in the quantity of glycogen (Figures 4-7) . The mitochondria were seen in association with RER and some of these were large and condensed. Lysosomes were also present ( Figures 5B, 7B) . 
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In the starved groups, the hepatocytes showed ultrastructural alterations dependent on the duration of starvation. The prominent features in the liver of starved fish (starved for 24, 48, 72 and 96 hours) were the condensation of RERs around the nuclei and the increase in the quantity of glycogen (Figures 4-7) . The mitochondria were seen in association with RER and some of these were large and condensed. Lysosomes were also present ( Figures 5B, 7B) . Some hepatocytes were characterized by chromatin condensation and shrinkage of their nuclei, and the presence of vacuoles (Figures 4B, 7A) . They also had irregular-shaped nuclei with some being shrunken and folded ( Figures 4B,  7A) . Some cytoplasmic organelles, such as the mitochondria and SER had a bizarre appearance (Figures 4B,7A) . Some cells had lost contact with their neighbors (Figure 7 ).
Discussion
This histological study looked at the effect of starvation on the liver of A. dispar and showed changes in its structure, both under light and transmission electron microscopy. Many empty spaces were observed in light micrographs and this could be correlated to the decrease in the size of hepatocytes or the breakdown of tissue by apoptosis caused by starvation. Many fish go through natural periods of starvation and consequently have to overcome starvation using biochemical, physiological, and behavioral strategies [6] . The effects of nutrient depletion during starvation are quite different in each fish organ [8] . Segner and Moller [14] showed a decrease in the size of the nucleus in the hepatocytes of the olive flounder as a result of starvation. However, these authors also showed that the re-feeding of this fish resulted in the enlargement of hepatocytes and the narrowing of intercellular spaces. 
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The hepatocytes of A. dispar underwent those ultrastructural changes that have previously been described for other species [14] . Widened intercellular spaces are indicative of the decreasing size of some cells, where the diameter of the cell nucleus is reduced. There was also depletion of glycogen and lipid in the cell, condensation of chromatin material and depletion of ribosome-studded ER [15, 6] . As seen in flounders, the starved A. dispar rapidly lost vitality after 96 hours of starvation. There were stark differences between the starved and fed groups. In the starved groups, cell junctions often were dissolved, except in those complexes surrounding bile canaliculi. This finding indicates metabolic dysfunction and disturbed communication at the tissue level [6] .
The effects of starvation on the liver of juvenile flounders showed a decrease in stored products, reduction of endoplasmic reticulum, increased numbers of lysosomes and macrophages, proliferation of collagenous fibers and dissolution of cell junctions [14, 6] . The results obtained in our study were similar to findings on the olive flounder in that the size of mitochondria increased due to starvation. Additionally, we observed the bizarre appearance of mitochondria and the SER.
Some hepatocytes showed cell death in the form of necrosis. From these results we can conclude that starvation has an effect on the structure of hepatocytes.
It is not uncommon to find large numbers of dead A. dispar in shallow wadi pools in any season. Post-mortem examination of the livers from these fish using histology may help to determine if there are other factors which produce similar effects to those of starvation. Therefore, future studies should look at the effect of other physical factors like temperature and chemical environment, including salinity, on the hepatocytes of A .dispar. The effect of hazardous substances like pesticides could also mimic the effect of starvation.
Ba-Omar and Victor [13] discussed the changes in the intestinal epithelium of A. dispar subjected to starvation and this study adds hepatocytes to the list of cells investigated. Studies [16, 13, 12, 17, 18] have been steadily adding information on the biology of this small, but ecologically important fish which can serve as a biocontrol agent of mosquito larvae, as a candidate for bioassay in toxicological studies and also as an indicator of environmental impacts in aquatic ecosystems. Unfortunately, the introduction of exotic tilapia to natural water bodies in Oman is at present posing a serious threat to A. dispar (and also to two other species of freshwater fish) and a premature local extinction of this species is a serious possibility; this may put an end to the accumulation of knowledge on this ecologically versatile eurytopic fish.
